Introduction
Graft-versus-host disease (GVHD) is a major complication of allogeneic hematopoietic stem cell transplantation (HSCT) and is mediated by grafted donor T cells. GVHD results in substantial morbidity and mortality, particularly in the HLA-partial mismatch setting. Attempts to prevent GVHD with T-cell depletion of marrow grafts have been associated with high rates of graft rejection and relapse of the underlying disease. 1, 2 Thus, the development of a strategy that would enhance donor engraftment but prevent GVHD should increase the availability of donors for patients with diseases that are treated with allogeneic HSCT.
One approach to improve the safety of HSCT is to first T-cell deplete and then add back donor T cells retrovirally transduced with a "suicide gene," such as the herpes simplex virus thymidine kinase (HSV-tk) gene, to enhance engraftment of the T-celldepleted donor marrow. After engraftment, selective in vivo T-cell depletion with ganciclovir could prevent the development of GVHD. To date, however, clinical trials with ex vivo expanded, HSV-tk-transduced donor T cells have not shown consistent or reliable in vivo function. [3] [4] [5] [6] [7] Clinical progress in this strategy to control GVHD will be accelerated with a relevant large animal model.
For many years, studies of GVHD and hematopoietic engraftment in the random-bred dog model have closely predicted results of subsequent clinical HSCT studies. In the dog model, we have previously shown that T-cell depletion of donor grafts in the dog leukocyte antigen (DLA)-identical setting is associated with graft rejection. 8 Both donor lymphocyte infusion and ex vivo expansion of recipient-specific donor cytotoxic T lymphocytes (CTLs) enhanced engraftment across major histocompatibility complex (MHC) barriers, but resulted in fatal GVHD. 9, 10 In addition, we have reported on the efficient transduction, expansion, and maintenance of alloreactivity and ganciclovir-mediated ablation of canine HSV-tk CTLs in vitro. 11 We initially hypothesized that ex vivo expanded, recipientspecific CTLs could enhance engraftment of highly purified CD34 ϩ cells isolated from peripheral blood stem cells (PBSCs) mobilized by recombinant canine granulocyte colony-stimulating factor (rcG-CSF) and transplanted into DLA-haploidentical littermates. When this failed to achieve reliable engraftment, we asked if ex vivo expanded CTLs maintained in vivo function. To facilitate in vivo tracking of ex vivo expanded T cells, CTLs were transduced with a retroviral vector to express green fluorescent protein (GFP). We then studied whether GFP ϩ CTLs enhanced engraftment of DLA-haploidentical marrow in the setting where graft rejection was expected and, in addition, monitored the trafficking, tissue localization, and cytotoxicity of transduced CTLs.
Materials and methods

Laboratory animals
Litters of random-bred dogs were raised at the Fred Hutchinson Cancer Research Center or obtained from commercial kennels licensed by the US Department of Agriculture. The dogs weighed from 6.5 to 15.0 kg (median, 10.4 kg) and were 7 to 14 months old (median, 9 months). Dogs were observed for indications of disease for at least 60 days before entry into the study. All were immunized against leptospirosis, distemper, hepatitis, parvovirus, and papillomavirus. Research was performed according to the principles outlined in the Guide for Laboratory Animals Facilities and Care of the National Academy of Sciences, National Research Council. All dogs were housed in kennels certified by the American Association for Accreditation of Laboratory Animal Care. All dogs were examined at least twice daily. Recipient dogs were euthanized at the end of the study or after transplantation when established clinical criteria had been met for GVHD or graft rejection.
The DLA-haploidentical littermates were chosen as donor-recipient pairs on the basis of haploidentity (1 of 2 alleles identical) for highly polymorphic MHC class I and class II microsatellite markers. 12 Specific DLA DRB1 allele typing was determined by direct sequencing to confirm allelic identification and assign haploidentity. 13 
Cytotoxic T lymphocytes
Donor-derived, recipient-specific CTLs were generated by establishing one-way bulk mixed lymphocyte cultures with cells from DLAhaploidentical littermates. PBMCs were obtained by Ficoll-Hypaque density gradient centrifugation of dog blood. Donor PBMCs were mixed with ␥-irradiated (22 Gy, 137 Cs source) recipient PBMCs at a 1:1 ratio. A total of 4 ϫ 10 7 cells were cultured in Iscove modified Eagle medium supplemented with 10% heat-inactivated pooled normal dog serum, 2 mM L-glutamine, 1 mM nonessential amino acids, 1 mM sodium pyruvate, 50 IU/mL penicillin, 50 g/mL streptomycin, and 0.5 g/mL amphotericin-B (termed CTL medium) per upright T-75 flask (Corning, Ithaca, NY). On day 7, cells were restimulated (1:1) with recipient irradiated PBMCs and recombinant human interleukin (IL)-2, 100 U/mL (Chiron, Emeryville, CA). On day 9, CTLs were transferred to 6-well plates (10 6 cells/well) for transduction. On day 12, transduced CTLs were selected in G418 (0.6 mg/mL active drug; Roche Molecular Biochemicals, Indianapolis, IN) for 5 days in medium with 100 IU/mL IL-2. On day 17, CTLs were restimulated with allogeneic and autologous irradiated PBMCs, at a 1:20:20 ratio, respectively. Two days later, IL-2 (100 U/mL) was added. Starting on day 22, CTL medium was demi-depleted daily and replaced with fresh CTL medium without IL-2. Cells were pooled, washed, and infused into irradiated recipients on day 28. An aliquot was reserved for assessment of cytotoxity and flow cytometric analysis.
Retroviral transduction of CTLs
Virus-containing medium (VCM) was prepared from PG13 retrovirusproducing packaging cells, generating vectors with the gibbon ape leukemia virus (GALV) pseudotype. 14 Two vectors based on the Moloney mouse leukemia virus were used in this study to track CTLs in vivo.
LGFPSN contained the enhanced GFP gene under transcriptional control of the retroviral long terminal repeat and a downstream neomycin phosphotransferase (neo) gene under control of the simian virus-40 promoter. 15 LtNGFRSN (provided by Dr D.B. Kohn, Children's Hospital, Los Angeles, CA) was similarly constructed and contained the truncated rat nerve growth factor receptor (NGFR) instead of GFP. 16 The vector producer cell lines were grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (Hyclone Laboratories, Logan, UT). VCM was collected following a 24-hour incubation at 34°C and centrifuged at 1400g for 12 minutes. The supernatant was collected and frozen at Ϫ70°C until used. Absence of replication competent retrovirus was confirmed by failure to transfer GFP expression and G418 resistance from transduced CTLs to HeLa cells. The viral titers were 8 ϫ 10 5 to 2 ϫ 10 6 infectious particles/mL. Thawed VCM supplemented with protamine sulfate 4 g/mL was added to CTLs at a multiplicity of infection of 4:1, centrifuged at 1000g for 60 minutes, and incubated at 34°C overnight. CTLs were then washed and replated in CTL medium containing IL-2 (100 U/mL).
Flow cytometric analysis of CTLs
The CTLs were analyzed by flow cytometry for expression of GFP and streptavidin-phycoerythrin staining of biotinylated CD3 (CA17.6F9), CD4 (CA13.1E4), and CD8 (CA9.JD3). 17 Propidium iodide (1 g/mL) was added to exclude dead cells. CTLs transduced with LtNGFRSN were stained with the antirat NGFR monoclonal antibody (mAb) MC192 at 10 g/mL (Chemicon, Temecula, CA) and indirect fluorescein labeling. Appropriate isotype negative control antibodies (Dako, Carpenteria, CA) were used to stain transduced cells at equivalent concentrations of primary antibody to set gates used for exclusion analysis. Heparinized peripheral blood samples from dogs receiving transduced CTLs were collected immediately before CTL infusion, at 10, 30, and 60 minutes after infusion, and then daily until necropsy. Samples were hemolyzed, washed, and analyzed for GFP expression or incubated with MC192 followed by indirect fluorescein labeling to assess NGFR expression. Cell incubations and washes were completed at 4°C, in Hanks balanced salt solution supplemented with 2% heat-inactivated horse serum (HBSS/2%HS). Analysis was performed on a FACScalibur flow cytometer (Becton Dickinson, San Jose, CA) with WinList software (Verity Software House, Topsham, ME). The absolute number of transduced cells per milliliter peripheral blood was determined by multiplication of the percent transduced cells by the total white blood cell count measured from the same venous blood sample. The limit of detection of GFP ϩ CTLs was approximately 1 cell/mL. GFP ϩ CTLs were sorted from 10-mL hemolyzed blood samples of recipient dogs using a FACS Vantage cell sorter (Becton Dickinson).
Analysis of cytotoxicity
Cytotoxic activity of CTLs was measured using a standard 51 Cr release assay. 10 Briefly, 1 ϫ 10 6 concanavalin-A-stimulated dog PBMC target cells (Con-A blasts) were labeled with 50 Ci (1.8 ϫ 10 6 Bq) Na 2 51 CrO 4 (Dupont, Boston, MA) for 1 hour at 37°C, washed 5 times, then incubated for 4 hours with effector CTL at various effector-target ratios in a total volume of 200 L. The percentage of specific lysis was calculated using the standard formula. 10 CD34 ؉ selection of canine PBSCs Donor dogs received rcG-CSF and recombinant canine stem cell factor (rcSCF) (gifts from Amgen, Thousand Oaks, CA) at 10 g/kg per day in divided doses and 25 g/kg per day in one dose, respectively, administered subcutaneously for 6 days. 18 After 5 days of growth factor treatment, a shunt connecting the carotid artery with the external jugular vein was placed in the PBSC donor. The following day, leukapheresis was performed by connecting the shunt to a Cobe 2997 continuous flow centrifuge (Cobe BCT, Lakewood, CO) with a calculated processed volume of 6 to 10 L blood. 18 Following Ficoll-Hypaque density gradient centrifugation of the apheresis product, cells were washed twice in HBSS/2%HS to remove excess platelets. Then, 1 ϫ 10 8 cells/mL were incubated with 40 g/mL of the biotinylated mAB 1H6, specific for canine CD34, 19 for 30 minutes at 4°C. After incubation with 100L/mL immunomagnetic streptavidin-coated microbeads (Miltenyi Biotech, Auburn, CA) for 30 minutes, cells were loaded onto a VSϩ column set on a VarioMACS separation device (Miltenyi Biotech), the column was washed, and the adsorbed cells were eluted and then used for transplantation. 20 Aliquots from the apheresis product, eluted cells, and flow-through fractions were analyzed by flow cytometry to assess the content of CD34 ϩ , 19 CD14 ϩ (clone Tuk-4, Dako), and CD3 ϩ cells.
Transplantation
Unmodified donor marrow was aspirated from humeri under general anesthesia and infused intravenously within 4 hours of total body irradiation (TBI). 21 All recipients in this study were given a single dose of 9.2 Gy TBI (0.07 Gy/min, 60 Co source). 22, 23 The day of infusion of donor hematopoietic stem cells was designated as day 0. No immunosuppression or exogenous cytokine/growth factor support was given after transplantation.
Care after grafting was given as previously described, which included thrice daily oral nonabsorbable antibiotics, neomycin sulfate and polymycin sulfate from day Ϫ5 until the end of the study. 21 Intravenous ceftazidime (25 mg/kg per day) was begun when the white blood cell count decreased below 1 ϫ 10 6 /mL following TBI. Dogs received 137 Cs irradiated (20 Gy) red blood cell and platelet transfusions from healthy donors if indicated based on the results of daily complete blood counts (CBCs). Dogs that died underwent complete necropsy and histologic examination. The histologic criteria for GVHD have been previously described. 24, 25 Assessment of engraftment Donor hematopoietic engraftment was defined by achieving 3 criteria: (1) sustained recovery of granulocyte and platelet counts in serial CBCs after the postirradiation nadir, (2) recovery of marrow cellularity, and (3) 100% donor (GAAA) n repeat polymorphism in cells from the peripheral blood and marrow. To assess donor chimerism, genomic DNA was extracted from peripheral blood or marrow at the time of necropsy, and a polymerase chain reaction (PCR)-based assay was performed with the C.2200 and C.2202 microsatellite markers, associated with MHC class I and class II genes, respectively. 12 Marrow cellularity was assessed by standard pathology examination of humeral marrow aspirates along with marrow autopsy sections of rib and sternum. Graft rejection was defined as: (1) lack of sustained recovery of peripheral blood counts, (2) absence of hematopoietic marrow cellularity, and (3) absence or loss of donor hematopoietic chimerism. In all cases, dogs met all of the criteria for either engraftment or rejection.
Detection of transduced CTLs in tissue
Polymerase chain reaction in situ hybridization (ISH) for detection of neo was performed from formalin-fixed tissue sections obtained at necropsy in some of the recipient dogs as previously described. 26, 27 Briefly, a PCR mixture containing neo-specific primers was applied to deparaffinized and proteinase K-treated tissue sections. PCR conditions consisted of 25 cycles of denaturation (94°C, 1 minute), primer annealing (55°C, 2 minutes), and primer extension (72°C, 2 minutes). The PCR product was detected by ISH using a combination of 3 neo-specific oligonucleotides labeled with digoxigenin-11-dUTP (DIG; Roche Diagnostics, Indianapolis, IN), which were in sense orientation and internal to the PCR primer binding sequences. 26 The oligonucleotide probes were hybridized to tissues for 4 hours at 42°C in a humidified chamber. After thoroughly washing the slides, the hybridized probe was detected with an alkaline phosphatase-conjugated anti-DIG mAB (1500 mU/mL) and nitroblue tetrazoleum-5-bromo-4-chloro-3-indolylphosphate toluidinium substrate. 28 The presence of neo DNA was indicated by a purple cell-associated precipitate and was visualized by incident light microscopy. Positive controls consisted of neo ϩ CTLs immobilized in paraffin wax (not shown). Negative controls for PCR included tissue processed without Taq polymerase or without neo-specific primer pairs. Identical procedures completed for tissues from dogs receiving nontransduced CTLs also served as a negative control. ISH controls included an irrelevant oligonucleotide probe to an unrelated virus. 29 For flow cytometric assessment of GFP ϩ CTLs from various tissues at necropsy, 0.5 to 1.0 cm 3 fresh tissue sections were incubated for 10 minutes in ice-cold phosphate-buffered saline (PBS), washed in hemolytic buffer, and forced through an 80-M wire mesh. Cells were isolated by FicollHypaque density gradient centrifugation and washed with cold HBSS/ 2%HS. Cells were stained and analyzed as described to determine the percentage of GFP ϩ T-cell content. Up to 1 ϫ 10 6 viable events were collected for each sample. Due to low numbers of viable cells from some tissues, the number of events collected was less than 10 000 in some cases.
Statistical analysis
Statistical significance of the likelihood of engraftment in the group receiving marrow only compared with recipients of marrow plus CTLs was estimated by Monte Carlo approximation based on 5000 simulations. 30 Logistic regression models were also fit to accommodate potential differences in total nucleated marrow cell dose between groups.
Results
Phenotype of retrovirally transduced, recipient-specific CTLs
Donor-derived, recipient-specific CTLs were reproducibly generated and expanded in vitro as bulk cultures for infusion into lethally irradiated recipients. Characteristics of transduced CTLs infused into dogs are summarized in Table 1 . CTL transduction efficiency was 3.0% to 15.2% (median, 6.9%). Following G418 selection and expansion, 84.2% to 97.7% of CTLs were GFP ϩ . The total number of transduced CTLs yielded by the ex vivo expansion ranged from 1.1 to 3.6 ϫ 10 8 (median, 2.1 ϫ 10 8 ). The cytotoxicity of the transduced CTLs ranged from 44% to 88% specific lysis (median, 69%), and the cytotoxicity of the nontransduced CTL ranged from 55% to 84% specific lysis (median, 80%) at a 1:20 effector-target 
Transplantation of CD34 ؉ selected cells and CTLs
Previously we had reported that unmodified rcG-CSF mobilized PBSCs engrafted in all DLA-haploidentical recipients. 18 We reasoned that the increased total number of CD34 ϩ cells in mobilized PBSCs compared to marrow could provide an increased number of positively selected CD34 ϩ cells for transplantation. In the current study, ex vivo expanded, nontransduced CTLs were added to CD34 ϩ purified cells obtained from rcG-CSF-mobilized PBSCs to assess if engraftment could be promoted in DLA-haploidentical littermates following 9.2 Gy TBI. The CD34 ϩ purified grafts from the DLA-haploidentical donors were highly T cell depleted, with a range of 1 to 9 ϫ 10 4 (median, 4.5 ϫ 10 4 ) CD3 ϩ /kg infused into recipients, which represented a more than 3-log depletion of T cells from the rcG-CSF plus rcSCF-mobilized PBSC apheresis product.
Results from these studies are summarized in Table 2 . As expected, none of the 5 recipients of CD34 ϩ selected cells alone engrafted. However, only 1 of 5 dogs engrafted following transplantation of nontransduced CTLs plus CD34 ϩ selected cells. The recipient that engrafted had late recovery of neutrophil counts and was euthanized on day ϩ59 after transplantation due to severe GVHD.
Transduced CTLs enhance engraftment of DLA-haploidentical marrow
To determine if ex vivo expanded CTLs maintained in vivo function, 12 DLA-haploidentical recipients received transplants of donor-derived, recipient-specific CTLs and unmodified donor marrow. Results are summarized in Table 3 . The initial 3 dogs in this set of experiments received CTLs that were not transduced but ex vivo expanded in conditions required for successful transduction. All 3 recipients engrafted and developed hyperacute GVHD. The subsequent 9 dogs received transduced CTLs. To track the cells in vivo, CTLs were transduced with the LtNGFRSN vector (dog E646), which resulted in cell surface expression of the truncated rat NGRF or with the LGFPSN vector (remaining 8 dogs), which resulted in cytoplasmic expression of GFP. Of the 9 dogs that received transduced CTLs plus marrow, one (dog E655) died on day ϩ5 of radiation toxicity and was not evaluable for engraftment. Six of the 8 evaluable dogs engrafted and all 6 developed clinical and histopathologic evidence of multiorgan acute GVHD. In the concurrent control group of 11 DLAhaploidentical marrow recipients not given CTLs, 4 of 11 dogs engrafted and developed acute GVHD. The remaining 7 dogs were euthanized because of marrow aplasia. The difference in engraftment between all evaluable recipients of DLA-haploidentical marrow plus CTLs (9 of 11) and marrow recipients not given CTLs (4 of 11) was statistically significant, P ϭ .049. Comparing engraftment in recipients of genetically modified CTLs (6 of 8) with marrow recipients not given CTLs (4 of 11) showed a suggestive but not statistically significant difference (P ϭ .114). Logistic regression analysis that included the effect of marrow cell dose did not qualitatively change these associations.
Trafficking of transduced CTLs in vivo
For the first 4 days after infusion of the recipient-specific CTLs into DLA-haploidentical recipients, there were low levels of circulating GFP ϩ cells (range, 0.005-1.05 ϫ 10 3 /mL) ( Figure 1A ). When transduced CTLs were present at low levels in the peripheral blood, GFP expression in CTLs permitted more accurate tracking of transduced CTLs by flow cytometry compared to NGFR. From day 0 to ϩ4 after transplantation the percent transduced cells in the peripheral blood was below the 0.5% to 1.0% background level of IgG1 isotype control antibody staining. Thereafter, among recipients that subsequently engrafted, there were sharp increases in the absolute numbers of transduced CTLs in the peripheral blood. The peak number of GFP ϩ (or NGFR ϩ ) cells in recipients on days ϩ5 or ϩ6 ranged from 7.8 to 66.3 ϫ 10 3 /mL (median 19.8 ϫ 10 3 /mL. The increases in circulating transduced CTLs were confirmed by semiquantitative PCR of peripheral blood DNA for neo (data not shown). Subsequently there were sharp declines in the absolute numbers of circulating transduced cells in the peripheral blood. With onset of engraftment and GVHD, GFP ϩ CTLs declined to 0.1 to 1.9 ϫ 10 3 /mL. In dogs E716 and E815 with graft rejection, GFP ϩ CTLs reached a peak of 4.8 and 0.5 ϫ 10 3 /mL, and then Gy indicates unit of irradiation (1 Gray ϭ 100 rad); TNC/kg, total nucleated cells derived from PBSCs per recipient body weight in kilograms; ANC, absolute neutrophil count; GVHD, graft-versus-host disease determined by histopathologic evaluation; nd, not determined; and n/a, not applicable.
*Dog E639 developed clinical manifestations of acute GVHD on day 53 after transplantation with fever, progressive skin erythema, jaundice, anorexia, diarrhea, and weight loss. The dog was euthanized due to worsening condition. Histopathology revealed severe GVHD of the liver and gut, moderate skin GVHD.
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CTLs generate allospecific cytotoxicity in vivo
To determine if the GFP ϩ CTLs were capable of antirecipient activity following in vivo infusion, GFP ϩ cells were collected from peripheral blood on day ϩ6 after transplantation, isolated by flow cytometric cell sorting, and expanded ex vivo with irradiated donor and recipient PBMCs plus IL-2. After 7 days of in vitro expansion, there was a 30-to 110-fold increase in cells, and in all cases studied, cells were more than 99% GFP ϩ , CD3 ϩ , and CD8 ϩ . The expanded GFP ϩ CTLs showed recipient-specific cytotoxicity with 72% to 94% specific lysis at an 8:1 effector-target ratio ( Figure 2B ).
CTL distribution after allogeneic transplantation
At necropsy, engrafted DLA-haploidentical recipients showed evidence of GFP ϩ CTLs in tissues affected with GVHD ( Figures  3A and 4A,C) . The highest infiltration of GFP ϩ CTL was observed in liver and lung, followed by spleen and lymph node ( Figure 3A) . In dog E746, 6.4% of CD3 ϩ cells isolated from the liver were GFP ϩ . No GFP ϩ CTLs were detected in the heart ( Figure 3A) , thymus, and skeletal muscle (data not shown). PCR-ISH for neo confirmed the presence of the GFP ϩ CTL in target tissues. In engrafted allogeneic recipients, GFP ϩ CTL were observed as: (1) multifocal aggregates in portal tracts, (2) aggregated in the periarteriolar lymphoid sheaths of the spleen, (3) localized in the lamina propria of the colon, and (4) scattered within the lung interstitium ( Figure 4A-D, respectively) . The GFP ϩ CTLs were distributed in tissue parenchyma in a pattern consistent with classical lymphocytic infiltrates observed with acute GVHD. 25, 31 
CTL distribution after autologous transplantation
To determine if the allogeneic origin of the CTLs and not the method of stimulation was responsible for the observed pattern of CTL trafficking and tissue distribution, the following control experiment was conducted. Autologous marrow and GFP ϩ CTLs were infused following 9.2 Gy TBI in 2 recipients, E753 and E803. The ex vivo expanded autologous GFP ϩ CTLs were allospecific to respective DLA-haploidentical littermates. Hematopoietic reconstitution occurred as expected following autologous marrow transplantation, and there was persistence of circulating GFP ϩ CTLs without the characteristic sharp rises of GFP ϩ CTLs seen in each of the DLA-haploidentical recipients ( Figure 1C) . To compare GFP ϩ CTL tissue distribution with the DLA-haploidentical recipients, E753 and E803 were euthanized on day ϩ13 and ϩ14 after autologous transplantation, respectively. GFP ϩ CTLs were detected by flow cytometry in tissues at necropsy in similar tissue distribution to that observed in the engrafted DLA-haploidentical recipients ( Figure 3C ). However, PCR-ISH for neo in liver, colon, and spleen necropsy specimens demonstrated that the autologous GFP ϩ CTLs were diffusely scattered in tissue, at a lower cell frequency and without focal aggregates, compared to an allogeneic recipient ( Figure 4E-G) .
Graft rejection and eradication of donor CTLs
Two recipient dogs rejected their DLA-haploidentical donor grafts despite the infusion of recipient-specific GFP ϩ CTLs. Dogs E716 and E815 showed evidence of transient donor engraftment by rises in peripheral blood granulocytes ( Figure 1B) to 1800/L and 800/L on day ϩ10 and ϩ8 after transplantation, respectively, and 
presence of more than 98% donor chimerism by microsatellite marker analysis of peripheral blood cells on day ϩ8. However, by day ϩ14 and ϩ11 there was an abrupt decline in the absolute neutrophil count to 200/L and undetectable, respectively. On day ϩ14 and ϩ12, respectively, microsatellite marker analysis and flow cytometry of blood showed emergence of 100% host CD3 ϩ T-cell receptor (TCR)-␣␤ ϩ cells. PBMCs obtained from dogs E716 and E815 on day ϩ14 and ϩ12, respectively, were cultured for 7 days with irradiated donor and recipient PBMCs. The 51 Cr release assay showed 71% and 84% cytotoxicity specific for the donor Con-A blasts at a 20:1 effector-target ratio, respectively, but no lysis of third-party Con-A blasts. At necropsy, there was no evidence of circulating or tissue-infiltrating GFP ϩ cells ( Figure 3B ) and PCR-ISH for neo was negative. Taken together, these studies confirmed initial donor engraftment followed by graft rejection.
Discussion
In this study, donor-derived, recipient-specific CTLs, transduced with a retroviral vector that permitted tracking of cells, significantly enhanced engraftment of DLA-haploidentical marrow in the setting where graft rejection was expected. To our knowledge, these results are the first reported in a large animal model that show in vivo biologic activity of ex vivo expanded, genetically modified T cells.
Successful HSCT requires the crossing of a bidirectional immunologic barrier consisting of graft-versus-host (GVH) and host-versus-graft (HVG) reactions. Resistance to marrow grafts was increased in this MHC-mismatched setting as demonstrated in the control recipients given marrow only with 4 of 11 recipients engrafting and developing GVHD. The infused CTLs significantly enhanced DLA-haploidentical donor marrow engraftment by increasing the GVH reaction with specific suppression of the HVG reaction. The mechanism by which donor CD8 ϩ cytotoxic effector cells prevent allogeneic marrow graft rejection was shown in murine studies to involve perforin-dependent T-cytotoxic responses against MHC class I alloantigens. 32 We hypothesize that in the current study the recipient-specific donor CTLs lysed or otherwise directly inhibited the function of the radiation-resistant host T and natural killer (NK) cells mediating graft rejection. 33 Under the conditions examined, infused CTLs did not reliably prevent rejection of DLA-haploidentical positively selected CD34 ϩ Figure 1 . Ex vivo expanded, transduced CTLs increase in the peripheral blood prior to engraftment in allogeneic recipients. Shown are the median GFP ϩ (or NGFR ϩ ) cells/mL and total white blood cell count (WBC) Ϯ SD for each group of dogs studied following 9.2 Gy TBI. Transduced cells were measured by flow cytometry of hemolyzed peripheral blood. (A) Engraftment following transplantation of allogeneic marrow and GFP ϩ (or NGFR ϩ ) CTLs (n ϭ 6). There was a sharp increase in the number of transduced CTLs in the peripheral blood on days ϩ5 to ϩ7 after transplantation, followed by a decline in transduced CTLs on neutrophil recovery. (B) Rejection of allogeneic marrow and GFP ϩ CTLs. In dogs E716 and E815, GFP ϩ cells did not increase substantially after transplantation and subsequently were undetectable at days ϩ11 and ϩ9 after transplantation, respectively. Both dogs sustained an initial recovery of granulocytes to 1800 and 800/L on days ϩ10 and ϩ8, respectively, followed by loss of granulocytes and GFP ϩ cells and emergence of donor-reactive lymphocytes. (C) Autologous marrow and GFP ϩ CTL (n ϭ 2). In both recipients, GFP ϩ cells were detected in the peripheral blood, but without a steep rise in GFP ϩ cells prior to neutrophil recovery. (A) Dog E746 engrafted and developed GVHD following 9.2 Gy TBI and transplantation of allogeneic marrow and GFP ϩ CTLs. GFP ϩ cells were detected in the blood, spleen, lymph node, lung, and liver but not in heart. In this recipient, 6.4% of CD3 ϩ cells from the liver were GFP ϩ . (B) Dog E815 rejected the donor graft; no GFP ϩ CTLs were detected in any tissue. (C) Dog E753 received autologous marrow and GFP ϩ CTLs following 9.2 Gy TBI. Here, 6.9% of CD3 ϩ cells from the liver were GFP ϩ .
cells despite highly specific in vitro cytotoxic activity. The failure of engraftment seen in these dogs was either due to loss of in vivo activity of CTLs with ex vivo manipulation and culture, insufficient numbers of CTLs infused, or loss of a facilitator cell population removed in the CD34 ϩ selection process. However, ex vivo expanded CTLs enhanced DLA-haploidentical marrow engraftment. Previous experiments showed that the number of CD34 ϩ cells infused into the current DLA-haploidentical recipients was sufficient to achieve engraftment in the autologous setting and in DLA-identical littermates following 9.2 Gy TBI. 20 Based on methods used, we were unable to further increase the number of CD34 ϩ cells isolated without significantly compromising cell purity. Most likely, CD34 ϩ selection from PBSCs resulted in the removal of a facilitating cell population that was necessary to achieve engraftment in the DLA-haploidentical setting. Candidate facilitating cells removed by CD34 ϩ selection include CD4 ϩ cells capable of producing IL-2 to support the graft-enhancing function of the CD8 ϩ CTLs, CD8 ϩ TCR␣␤ Ϫ facilitator cells, 34, 35 and IL-10-secreting monocytes. 36, 37 The use of ex vivo expanded, transduced T cells for antileukemia/ lymphoma therapy has recently been described, but in vivo function has been limited to anecdotal evidence of alloreactivity and graft-versus-tumor effect. 3, 6 The largest reported clinical studies of genetically modified donor T cells infused into patients with disease relapse after allogeneic hematopoietic cell transplantation have been most remarkable for the lack of in vivo alloreactivity of the infused T cells. 4, 5 Infusion of HSV-tk-transduced, OKT-3 plus IL-2-stimulated T cells at the time of T-cell-depleted HLAidentical marrow transplantation was associated with a low incidence of GVHD and absence of an enhanced graft-versus-leukemia benefit. 7 In that study, 3 of 12 patients treated developed EpsteinBarr virus lymphoproliferative disease consistent with poor immune reconstitution and loss of function of ex vivo expanded, transduced donor T cells. In murine studies, in vivo activities of ex vivo expanded cells were significantly reduced compared with freshly infused donor lymphocytes, despite the demonstration of in vitro function. 38 Other investigators have reported a loss of function and a high rate of apoptosis following infusion of ex vivo expanded CD8 ϩ T cells. 39 Our data were not consistent with massive, early apoptosis of donor T cells because there was a large increase in circulating alloreactive GFP ϩ CTLs at 5 to 6 days after transplantation followed by persistence of cells in GVHD-affected tissues. This suggests that the method of ex vivo T-cell expansion may have a significant influence on whether cells maintain in vivo function. The use of a nonspecific polyclonal mitogen such as OKT3 and supraphysiologic doses of IL-2, although resulting in massive T-cell proliferation ex vivo, may cause substantial TCR V␤ receptor skewing, 40 loss of alloreactivity, 41 and increased susceptibility to apoptosis following in vivo infusion. 39 We observed that transduced allogeneic CTLs had a characteristic pattern of trafficking distinct from autologous cells. For the first 4 days after infusion there were low levels of allogeneic GFP ϩ CTLs in the peripheral blood. This likely represented the trafficking of CTLs from the peripheral circulation to the reticuloendothelial system, marrow, and lymphatic regions, presumably to target and lyse radioresistant host cells with the potential of mediating graft rejection. Among recipients of transduced allogeneic CTLs there were sharp rises in the absolute numbers of circulating CTLs on days ϩ5 and ϩ6 after transplantation immediately before recovery of donor-derived neutrophils. The steep increases in circulating CTLs were only observed in engrafting allogeneic recipients and likely reflected proliferative responses of the infused CTLs. Following recoveries of neutrophil counts, the absolute numbers of transduced CTLs declined to low but persistently detectable levels in the blood. This was consistent with trafficking of CTLs out of the circulation and infiltration into tissues with alloantigen presentation, the classic GVHD target organs. At the time of necropsy, there was enrichment for CTLs in organs relative to the peripheral blood.
Further evidence for specific in vivo function of the ex vivo expanded CTLs in this study was the observation that transduced CTLs infiltrated tissues with histologic evidence of GVHD and were absent from tissues unaffected by GVHD such as heart and skeletal muscle. PCR-ISH results showed aggregated transduced allogeneic CTLs at the extravascular sites of lymphocytic infiltration typical of GVHD histopathology. In contrast, CTLs infused with autologous marrow were detected by flow cytometry in the same tissues as the allogeneic CTL recipients but PCR-ISH analyses of the liver, colon, and spleen showed autologous CTLs were rare and randomly distributed. These findings are consistent Increased numbers of neo ϩ cells were also present within the lamina propria of the colon (arrows) (C) and scattered throughout the pulmonary interstitium (D). Autologous CTL infusions (E-G) resulted in random distribution of gene-marked T cells in liver (E), colon (F) (arrow indicates examples of neo ϩ cells), and spleen (G). A full description of ISH-PCR assay and tissue controls (H-J), as described in "Materials and methods" and elsewhere, 26, 27 was used to validate these findings. Bar, 100 m; original magnification ϫ 100 (A, C, E, F, H, J) and ϫ 40 (B, D, G, I).
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Alternative mechanisms to overcome graft resistance while avoiding GVHD include the use of donor cells with veto activity. 42, 43 In murine studies, administration of large numbers of nonhost reactive or anti-third party T cells has successfully prevented graft rejection in the MHC-mismatched transplantation setting. [44] [45] [46] Similarly, a CTL clone that enhances engraftment of H2 d disparate donor marrow without GVHD but requiring very large numbers of infused T-cell clones and exogenous IL-2 has been described. 38 Alternatively, megadose CD34 ϩ cells have been infused to overcome graft resistance, 47 although in clinical trials substantially more intensive immunosuppression of the recipient was required and it was not always possible to achieve a cell dose more than 25 ϫ 10 6 CD34 ϩ /kg for adult recipients. 48 Recipientspecific alloreactive T cells used in the current study would only be clinically useful if the GVH effect can be precisely controlled with a suicide gene mechanism.
In summary, these results show that donor-derived, ex vivo expanded genetically modified CTLs maintained in vivo function and enhanced engraftment of DLA-haploidentical marrow. The CTLs did not enhance engraftment of DLA-haploidentical positively selected CD34 ϩ cells. These results establish a large animal model in which to study add-back of genetically modified T cells to enhance engraftment and control GVHD after T-cell-depleted allogeneic HSCT. In addition, this model is ideal for studies to compare different suicide gene vectors and different methods of ex vivo T-cell expansion to determine optimal use for human trials.
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